Fabrication of Co-Pt and Fe-Pt ferromagnetic nanodot arrays for the application of ultra-high density bit patterned media (BPM) by electrochemical processes was described. In order to form patterned substrates for nanodot arrays with the density higher than 1 Tbit/inch 2 , electron beam lithography technique was employed. Nanopatterns with 25 nm and 18 nm pitch, which correspond to 1 and 2 Tbit/inch 2 were successfully formed by optimizing the condition of the lithography process, and Co-Pt and Fe-Pt with relatively high coercivity of 4.8 kOe and 10.3 kOe were formed by electrodeposition. By utilizing the nanopatterned substrates, Co-Pt and Fe-Pt nanodot arrays with 25 nm and 35 nm pitch were uniformly formed. These results demonstrate capability of the electrochemical processes for fabricating magnetic nanodot arrays with Tbit-level density.
Introduction
Due to the rapid and powerful progress in modern information and communication technologies, demand for ever higher storage capacity or recording density of hard disk drives is continuously increasing, and areal recording density of more than 1 Tbit/inch 2 is currently required. In such a ultra-high recording density region, thermal instability of recording media and the noise caused by interaction among magnetic grains have become critical issues since the magnetic grains are miniaturized to only several nanometer size, close at or below their superparamagnetic limit. In order to solve these problems, several alternative approaches have been proposed, such as energy assisted recording media as well as bit patterned media (BPM) (1) (2) (3) . BPM consist of ordered arrays of ferromagnetic nanodots in which ideally single magnetic grains with the same size and magnetic properties are physically separated. Thus unfavorable demagnetizing interactions do not occur between the grains, making it possible to miniaturize a dot close to the superparamagnetic limit of the magnetic material. With regard to the fabrication process of BPM, a high anisotropy of each magnetic dot is necessary to maintain high thermal stability, and the size of nanodot arrays should be less than 25 nm in dot diameter and pitch between dots to achieve Tbit-level recording density.
In previous studies, a number of approaches have been proposed to fabricate nanodot arrays, for example, utilize sputtering to deposit a magnetic thin layer in combination with patterning by physical(dry) etching process (4, 5) . However, such a physical etching process occasionally results in damage and geometric imperfections which deteriorate magnetic properties. Another approach proposed is to apply magnetic nanoparticles with self-alignment features (6, 7) . Although ultra-high density with a pitch less than 18 nm has been demonstrated with this approach, it is difficult to control the crystal orientation of each particle or dot, which is essential to achieve uniform magnetic properties and higher recording performances. On the other hand, we have attempted to fabricate nanodot arrays by using electrochemical processes, using a combination of lithographic patterning and electrodeposition (8) (9) (10) . This process allows precise control to fabricate nanometer sized dots, featuring precise controllability as well as deposition uniformity.
Hexagonal (hcp) Co-Pt and L1 0 Fe-Pt are known to have large perpendicular magnetic anisotropy, and high coercivity was reported for these films prepared by electrodeposition processes (11) (12) (13) (14) . We have successfully fabricated hcp Co-Pt nanodot arrays with 150 nm diameters and 300 nm pitches onto Cu underlayer using the substrates prepared by UV-nanoimprint lithography (NIL), and coercivity higher than 5.0 kOe was obtained (15) . However, as was mentioned above, further miniaturization is necessary to achieve the Tbit-level density.
In the present work, we adopted patterning by electron beam lithography (EBL), which has the capability to fabricate ultra-fine nanopatterns by optimizing the process parameters (16) , to demonstrate the electrochemical fabrication process of Co-Pt and FePt nanodot arrays with a density higher than 1 Tbit/inch 2 . In order to increase the coercivity of Co-Pt, we focused on Ru (00.2) as an underlayer of Co-Pt. Since Ru is known to have hcp structure and a lattice constant close to that of hcp Co-Pt, epitaxiallike growth of Co-Pt is expected to induce perpendicular magnetic anisotropy (12, 17) . Our objective is to prepare Co-Pt and Fe-Pt films with high perpendicular coercivity by electrodeposition to fabricate nanopatterns with Tbit-level density.
Experimental
Sputter-deposited, (00.2) oriented Ru (100 or 200 nm thick) / Ti (5 nm thick) / nSi(100) was used as substrate. The substrate surface was rinsed with acetone, ethanol and ultra-pure water (UPW) for 5 min in that order, and immersed in 5% HCl for 1 min. For the fabrication of nanopatterned substrate, positive-type electron beam resist (ZEP520A-7, Nihon Zeon) was dissolved in diluent (ZEP-A, Nihon Zeon) at a ratio of 1 to 2. Then, the mixture was spin coated onto the substrate at 5000 rpm. The thickness of the layer was ca. 30 nm. Electron beam lithography (EBL) was performed using the EBL apparatus (ELS-7500, Elionix). After the exposure, the exposed areas were developed by immersing the substrate into isopropanol (IPA) for 5 s at 278K, and then substrate was rinsed with UPW. After the rinsing, nanopatterns were formed on Ru substrate. The process conditions for EBL are summarized in Table I .
Immediately before electrodeposition, the nanopatterned substrate was irradiated with an excimer-UV light source for 30 s to eliminate the residue of resist present at the bottom of nanopores. Electrodeposition of Co-Pt and Fe-Pt was performed by using a potentiostat (HZ-5500, Hokuto Denko). Compositions of deposition bath and deposition conditions for Co-Pt and Fe-Pt are summarized in Tables II and III respectively. For the deposition of Co-Pt, the concentration of Pt salt was adjusted depending on the applied potential in order to maintain the optimum Co-Pt composition (Co:Pt = 80:20). After electrodeposition, the specimen was treated again with excimer-UV for 60 s and the surface was rinsed with ethanol to remove the resist entirely.
High-resolution scanning electron microscope (HR-SEM, S-5500, Hitachi) was used to observe nanopatterns and nanodot arrays. Au-Pd was sputtered for 5 s for the observation of patterned substrates to avoid charging of the resist, while the deposited nanodot arrays were directly observed without any conductive coating. Magnetic properties of the samples were measured by using polar Kerr effect magnetometer (BH-810CPC-WU, Neoark). A X-ray diffractometer (XRD, RINT-Ultima III, Rigaku) was used to characterize the crystal structure of the Co-Pt and Fe-Pt films. In order to measure the average composition of the specimens, glow discharge optical emission spectrometry (GDOES, JY5000RF, Horiba) and inductively coupled argon plasma mass spectroscopy (ICP-MS, Agilnet, 7700x) were employed. 
Results and Discussion

Characterization of Electrodeposited Co-Pt Films with Thickness Less than 20 nm
For BPM applications, the target thickness of magnetic layer should be ca. 20 nm or less. Thus, in order to develop a benchmark, Co-Pt continuous films with 10 nm thickness were first electrodeposited with constant potential at -900 mV onto Ru substrates. Figure 1 shows a representative hysteresis loop of Co-Pt films. A coercivity of 4.8 kOe is obtained, which is higher than that of Co-Pt films deposited onto Cu substrate as reported in a previous study (4.5 kOe for 20 nm thick Co-Pt films) (15) . In the case of fcc Cu, small lattice misfit may causes stacking faults in Co-Pt film at the very initial deposition stage to reduce its perpendicular anisotropy. On the other hand, Ru has the same hcp structure and low misfit with Co-Pt, it has been reported that Ru promotes the epitaxial growth of Co-Pt with c-axis orientation (17) . In order to investigate this point, crystal structure of Co-Pt film was analyzed by XRD. o due to the overlap with the peak of Ru (00.2). This indicates that Co-Pt has grown epitaxially with the crystal orientation of Ru (00.2) already from the initial deposition stage to have a perpendicular magnetic anisotropy. This results in an increase in coercivity of the films with less than 20 nm thick. From these results, it is expected that the Co-Pt nanodot arrays with high coercivity can be fabricated using these electrodeposition conditions onto nanopatterned substrates. Fabrication of Co-Pt Nanodot Arrays with Tbit/inch 2 Level density Nanopatterned substrates were fabricated onto Ru substrate by using EBL. In a previous study, it was suggested that lower temperature of developer solution increased the resolution of patterning (16) . Thus, the temperature was lowered from room temperature (298K) to 278 K; isopropanol was used as a developer. Figure 3 shows representative SEM images of nanopatterned substrates with 10 nm diameter and 100, 35, 25, 18 nm pitch, respectively. Although non-uniformity in size and some defects are observed in the image for 18 nm pitch patterns, the nanopatterned substrates were successfully fabricated in every pitch size in general. These results suggested that the nanopatterns with 25 nm and 18 nm pitch, which correspond to 1 and 2 Tbit/inch 2 , can be fabricated by optimizing the development conditions of the patterned substrates.
In order to fabricate Co-Pt nanodot arrays, Co-Pt was electrodeposited onto the nanopatterned substrates at constant potential of -900 mV vs. Ag/AgCl. Figure 4 shows representative SEM images of Co-Pt nanodot arrays (10 nm diameter and 100 nm pitch) with and without the treatment by excimer-UV radiation. , 64 (31) 1-9 (2015) Figure 4 . SEM images of Co-Pt nanodot arrays (a) with and (b) without excimer-UV irradiation treatment.
ECS Transactions
As seen in Fig. 4 , the effect of excimer-UV irradiation is clear; without the excimer-UV treatment, the deposits were not uniform, nucleation did occur only on a fraction of the sites, and insufficient deposition was observed. In contrast, when the specimens were treated with excimer-UV before the electrodeposition, deposition of nanodots took place uniformly on the entire area. It is hypothesized that, after the developing process, some residue of resist remains around the surface of the nanopatterns, hindering nucleation and forbidding uniform formation of the deposit, especially for the smaller patterns of less than 10 nm diameter dot size. Thus this treatment should be considered an essential step for the formation of the nanodot arrays with Tbit-level density. Figure 5 shows representative SEM images of Co-Pt nanodot arrays deposited into the nanopatterned substrates shown in Fig. 3 (10 nm diameter and 100, 35 , 25, 18 nm pitch, respectively). As seen in Fig. 5 , although some defects were observed in nanodot arrays with smaller pitch, especially in 18 nm pitch due to non-uniformity of the formation of the patterns, nanodot arrays with 100 nm, 35 nm and 25 nm pitch were uniformly fabricated. In order to fabricate L1 0 Fe-Pt films, 1:1 composition of Fe:Pt is required. Therefore, composition of Fe-Pt films deposited on Ru substrate was optimized by adjusting the applied potential. Figure 6 shows Fe composition ratio of Fe-Pt films with different applied potential. Figure 6 shows Fe composition ratio of FePt films with different applied potential. As shown in Fig. 7 , the main peak was that or Ru-hcp(002), but a shoulder on the left side of this peak was observed in the as-deposited Fe-Pt films, which sharpened after annealing, showing a Fe-Pt fcc (111) peak; furthermore, it should be noted that peaks correspond to Fe-Pt L1 0 (001) and (200) appeared after annealing indicating the occurrence of phase transformation of Fe-Pt from fcc to L1 0 . Figure 8 shows representative hysteresis loops of as-deposited and annealed 200 nm thick Fe-Pt films. As-deposited film showed low coercivity of 0.1 kOe, while the value largely increased to 10.3 kOe after the annealing, which was caused by phase transformation to the L1 0 structure described above. We also attempted to fabricate the nanodot arrays of Fe-Pt using the nanopatterned substrates prepared using EBL, and confirmed uniform formation of the deposits with 10 nm diameter and 35 nm pitch substrates. Based on these results, it was demonstrated that this electrochemical process is suitable for fabricating ferromagnetic nanodot arrays with Tbit/inch 2 level density.
Conclusion
In the present work, we demonstrate the fabrication process of Co-Pt and Fe-Pt nanodot arrays with ultra-high density by electrodeposition. We also attempted to optimize the deposition conditions from an initial stage by applying Ru underlayer to obtain high crystallinity and large coercivity already at low film thickness. In addition, phase transformation of electrodeposited Fe-Pt films was confirmed after annealing, and a coercivity of 10.3 kOe was obtained. Formation of uniform nanopatterns with Tbit/inch 2 level density was confirmed in combination with nanopatterned substrates fabricated using electron beam lithography.
These results show that this electrochemical process is suitable for fabrication of nanodot arrays with Tbit/inch2 level ultra-high density. For the next step to further improve the magnetic properties as well as deposition uniformity of the nanodot arrays, it is essential to understand the mechanism of initial nucleation and growth stage and to achieve their further precise control.
